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A B S T R A C T

Purpose
The purpose of this study was to quantify the risk of breast cancer in relation to radiation dose and
chemotherapy among survivors of childhood cancer.

Methods
We conducted a case-control study of breast cancer in a cohort of 6,647 women who were 5-year
survivors of childhood cancer and who were treated during 1970 through 1986. One hundred twenty
patients with histologically confirmed breast cancer were identified and were individually matched to
four selected controls on age at initial cancer and time since initial cancer. Medical physicists estimated
radiation dose to the breast tumor site and ovaries on the basis of medical records.

Results
The odds ratio for breast cancer increased linearly with radiation dose, and it reached 11-fold for
local breast doses of approximately 40 Gy relative to no radiation (P for trend � .0001). Risk
associated with breast irradiation was sharply reduced among women who received 5 Gy or more
to the ovaries (P � .002). The excess odds ratio per Gy was 0.36 for those who received ovarian
doses less than 5 Gy and was 0.06 for those who received higher doses. Radiation-related risk did
not vary significantly by age at exposure. Borderline significantly elevated risks were seen for
doxorubicin, dactinomycin, dacarbazine, and carmustine.

Conclusion
Results confirm the radiation sensitivity of the breast in girls age 10 to 20 years but do not
demonstrate a strong effect of age at exposure within this range. Irradiation of the ovaries at doses
greater than 5 Gy seems to lessen the carcinogenic effects of breast irradiation, most likely by
reducing exposure of radiation-damaged breast cells to stimulating effects of ovarian hormones.

J Clin Oncol 27:3901-3907. © 2009 by American Society of Clinical Oncology

INTRODUCTION

Breast cancer is an important late adverse effect in
women who receive radiotherapy to the chest at a
young age.1-10 A recent study estimated a cumulative
risk of breast cancer of 29% by age 55 years for
women treated with chest irradiation (� 40 Gy) for
Hodgkin’s lymphoma (HL) at age 25 years.10 The
relative risk of radiation-related breast cancer is in-
versely related to age at exposure for persons treated
as adolescents or adults1,2,4,5,9,11,12; however, little
quantitative information is available concerning
risks related to doses received early in childhood and
during breast development—when breast tissue is
undergoing rapid cell proliferation—and after treat-
ments for childhood cancers other than HL. To help
address these gaps in understanding, we conducted a
case-control study of new primary breast cancers in
a large cohort of childhood cancer survivors.

METHODS

Study Population

The study was conducted as part of the Childhood
Cancer Survivor Study (CCSS), a retrospective cohort
study of 5-year survivors of childhood cancer (age at di-
agnosis � 21 years) who were treated at any of 26
collaborating institutions in the United States or Can-
ada (Data Supplement, online only) between January 1,
1970, and December 31, 1986. As of January 1, 2001,
14,361 of 20,245 eligible patients, including 6,647
women, had been located and had agreed to participate
in the study. Details of the study design and descriptions
of the cohort have been published previously.13,14 The
CCSS protocol and contact documents were reviewed
and approved by the human participants committee at
each participating institution.

Ascertainment of Treatment Information and

New Primary Cancers

Therapeutic exposures were ascertained through re-
view of the medical record of each study participant by
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trained data abstractors who used a standardized protocol. Radiation therapy
data were photocopied and were sent to the CCSS Radiation Data Center at
The University of Texas M. D. Anderson Cancer Center for dosimetry assess-
ment. Data collected also included the dates of initiation and cessation of
treatment for all chemotherapeutic agents, cumulative doses and routes of
administration for 28 specific agents, and all surgical procedures.

New primary breast cancers were ascertained through self-report via a
baseline questionnaire and follow-up questionnaires sent every 2 to 3 years. All
positive responses were screened, and those that represented likely or possible
new primary breast cancers were forwarded to the CCSS Pathology Center
(Columbus, OH) for verification. A request for a copy of the pathology report
was made to the institution of record, and the CCSS pathologist (S.H.) re-
viewed all reports of possible breast cancers. If the pathology report could not
be obtained (n � 4), the patient and/or parent questionnaire response, death
certificate, and/or other institutional records were reviewed to determine the
presence of a breast cancer. New breast cancers in deceased persons were
ascertained through family members and the National Death Index.

Patients and Controls

Eligible patients were women who had a confirmed invasive or in situ
primary breast cancer diagnosed before the earlier of either December 31,
2001, or the date of return of the most recent follow-up survey. Overall, 148
breast cancers were identified in 122 women. Nine women first presented with
bilateral, synchronous (defined as diagnosis within 1 month of each other)
breast cancer, and another 17 were diagnosed subsequently with contralateral
breast cancer. In patients with more than one breast cancer, analyses were
conducted for the first cancer only. If the tumors were synchronous, priority
was given to invasive rather than in situ cancers.

Four controls were selected for each patient, and they were matched on
age at diagnosis of first cancer and duration of survival (ie, follow-up; �2
years). For any case-control sets in which none of the selected controls had the
same type of first cancer as the patient, we selected a supplemental control
matched on type of initial cancer. Such controls (n � 37) were used only in
analyses restricted to controls with the same type of first cancer as the patient.

Two patients, both of whom had an initial HL, and 14 controls were
excluded, because we were unable to obtain consent to review medical records,
and it was unknown whether they had received radiotherapy. Matched con-
trols for the two excluded patients also were dropped, which provided 120
patients and 464 controls who remained for analysis with respect to radia-
tion treatment.

Radiation Dosimetry

The radiation therapy records for all patients and controls were reviewed
to determine therapy details. Abstracted radiotherapy information included
dates of therapy, beam energy, field size, field location, number of treatment
fractions, and total dose to each field.

The overall approach in determining organ doses in persons treated with
radiation was detailed in a previous report.15 Breast doses were determined to
the most specific tumor location possible for each case-control set. Records
reviewed to determine the location of the subsequent breast cancer included
operative notes, pathology reports, radiology reports, self-reported diagrams,
and any correspondence in the available medical record relevant to the breast
tumor. By using all available photographs, diagrams, and notes on blockings
and field shaping, the proximity of each radiation field to the specific breast
tumor location of interest was determined for each patient in a matched set.
Location was set as in-beam unblocked, in-beam blocked, on the field edge, on
the block edge, near the field edge, or out of the beam; dose was calculated
accordingly. There were 13 patient sets with unknown tumor locations. If the
tumor location was unknown but the breast received a relatively uniform dose,
an average dose to the breast was calculated and was used in the analysis. If the
tumor location was unknown and the breast received a wide range of dose (eg,
blocked to unblocked from a mantle field), the breast dose was set to unknown.

Breast development was taken into account for dosimetry by changing
the size of the breast for dose calculations on the basis of stage of development.
We reviewed all treatment records for photographs and notes on development

to determine the stage of breast development at the time of treatment for each
patient treated with radiation; however, photographs were available only from
a few institutions and mostly for patients who had HL, so breast development
for the majority of patients could not be established by using the treatment
records. We determined breast development for the remaining patients by
using the median age of entry into a Tanner stage, taking ethnicity into
account,16 and adjusting this determination on the basis of early or late men-
arche. For dosimetric purposes, the Tanner stages were divided into three
categories: nipple/bud (Tanner 1 or 2), underdeveloped (Tanner 3), and
developed (Tanner 4 or 5).

Radiation dose was calculated by summing every dose from the first to
last radiation treatment given on or before a date 5 years before the age at breast
cancer diagnosis and a corresponding date for matched controls. This was
done to account for the minimum latency of most radiation-related solid
cancers. Additionally, doses to left and right ovaries were estimated for each
patient. If these doses differed, the minimum dose was used.

Table 1. Descriptive Demographic and Clinical Characteristics of
Patients With Breast Cancer and Controls

Characteristic

Patients
(n � 120)�

Matched
Controls

(n � 464)�

No. % No. %

Type of first cancer
Leukemia 7 5.8 75 16.2
CNS 3 2.5 41 8.8
Hodgkin’s lymphoma 78 65.0 188 40.5
NHL 4 3.3 29 6.3
Kidney 3 2.5 4 0.9
Neuroblastoma 1 0.8 1 0.2
Soft tissue sarcoma 9 7.5 53 11.4
Bone sarcoma 15 12.5 73 15.7

Age at first cancer, years†
� 5 0 0.0 6 1.3
5-9 6 5.0 18 3.9
10-14 32 26.7 134 28.9
15-20 82 68.3 306 65.9

Years since first cancer†
5.0-14.9 27 22.5 104 22.4
15.0-19.9 39 32.5 148 31.9
20.0-24.9 33 27.5 130 28.0
25.0-32.0 21 17.5 82 17.7

Attained age, years
18.0-34.9 53 44.2 224 48.3
35.0-39.9 46 38.3 159 34.3
40.0-44.9 14 11.7 57 12.3
45.0-51.0 7 5.8 24 5.2

Year of first cancer diagnosis
1970-1974 58 48.3 191 41.2
1975-1979 45 37.5 175 37.7
1980-1986 17 14.2 98 21.2

Year of breast cancer
diagnosis NA

1983-1989 17 14.2
1990-1995 42 35.0
1996-2001 61 50.8

Abbreviations: NHL, non-Hodgkin’s lymphoma; NA, not applicable.
�Two patients and 24 controls with missing information about radiotherapy

for initial cancer were excluded.
†Matching variable.
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Each patient in a case-control set was given an organ dose score to reflect
the quality of the dosimetry provided. This score reflects both the quality of the
radiotherapy record information and the precision or certainty of the breast
tumor location.

Statistical Analysis

We used SAS procedure PHREG (SAS Institute, Cary, NC) and the
Epicure module PECAN (Hirosoft International, Seattle, WA)17,18 programs
to fit conditional regression models, to estimate odds ratios (ORs), to model
dose-response relations, to perform likelihood ratio tests, and to calculate 95%
likelihood-based CIs. Statistical tests were two-sided and were based on an �
level of .05. Radiation dose-response models considered were simplifica-
tions of the following general model: excess OR (EOR) � [�1D �
�2D2][exp(�3D � �4D2], in which the EOR is the OR minus 1), D is dose,
and �1 through �4 are regression coefficients. The exponential term allows for
the possible effects of cell killing at high doses. The model EOR � �1D
corresponds to a straight-line, dose-response relation, in which �1 equals the
slope (ie, EOR per Gy). Risk estimates were adjusted for type of first cancer (ie,
HL, bone or soft tissue sarcoma, other). Because data were compatible with a
straight-line, dose-response relation (see Results), effect modification was
evaluated by using the model EOR � [�1D][exp(�izi)], in which zi equals the
modifier(s) under consideration. We evaluated possible modification of �1 by
age at diagnosis of first cancer, attained age, time since first cancer, year of
initial cancer diagnosis, radiation dose to the ovaries, and chemotherapy for
the first cancer.

RESULTS

Among the 120 breast cancers included in the present analysis, 80%
were invasive cancers and 20% were in situ cancers. Tumor laterality
was equally distributed (ie, 51% were right-sided tumors), and most
occurred in the upper outer quadrant. The breast cancer was the
second cancer for 113 women, and it was a subsequent cancer for
seven women. HL was the initial cancer in 65.0% of patients with
breast cancer and in 40.1% of controls (Table 1). Bone and soft tissue
sarcomas were the next-most common types of first cancer among
patients. The median age at diagnosis of the first cancer among the
patients was 16.0 years, and the median age at diagnosis of the breast
cancer was 35.9 years (range, 20.9 to 49.6 years). Only six patients
(5%) occurred among women whose first cancer was diagnosed be-

fore age 10 years (range, 6 to 9 years). The median interval from first
cancer to breast cancer was 19.4 years (range, 6.7 to 29.6 years).

Frequency of use of radiation therapy and radiation dose to
the breast varied widely among controls by type of initial cancer
(data not shown). One third of patients with bone sarcoma were
given radiation therapy compared with 92% of patients with HL.
Among irradiated controls, median dose to the affected region of
the breast in the corresponding patient ranged from less than 0.25
Gy for patients with leukemia, central nervous system cancer, or
soft tissue sarcoma to 15.1 Gy for patients with Wilms tumor and to
26.8 Gy for patients with HL. Among controls younger than 10
years at the time of diagnosis of the initial cancer, 62% received
radiotherapy, and the median radiation dose among those exposed
was 0.2 Gy (mean, 4.0 Gy). The median age at the end of follow-up
varied from 28 years for controls diagnosed with Wilms tumor to
36 years for survivors of HL or bone sarcoma.

The OR associated with having received any radiotherapy for the
initial cancer was 2.7 (95% CI, 1.4 to 5.6; Table 2). A linear dose-
response model fit the data well, and there was little evidence of either
upward curvature at lower doses or downward curvature at higher
doses (Fig 1). The slope of the linear model was 0.27 per Gy (95% CI,
0.10 to 0.67) and was highly significantly different from zero
(P � .0001). The estimated relative risks were 6.4 at 20 Gy and 11.8 at
40 Gy. The slope increased to 0.34 per Gy (95% CI, 0.10 to 1.06) when
analysis was restricted to persons with the highest quality of radiother-
apy information. The dose-response pattern was qualitatively similar,
though less precise, when analysis included only controls with the
same type of initial cancer as the patient (data not shown). Results also
were similar when analysis was restricted to breast cancer as the second
primary cancer only. The EORs per Gy were 0.34 (95% CI, 0.12 to
0.96) for invasive cancers and 0.10 (95% CI, 0.00 to 0.96) for in
situ cancers.

When the linear slope of the radiation dose-response curve for
breast cancer was allowed to vary according to whether radiother-
apy for the initial cancer delivered a dose of � 5 Gy to the ovaries,
a significant difference in slope was observed (P � .002; Table 3; Fig

Table 2. Breast Cancer Risk by Any Radiation Treatment for the Initial Cancer and by Radiation Dose to the Affected Region of the Breast

Treatment or Dose
Mean Radiation

Dose (Gy)�

Patients Controls Analysis

No. % No. % OR† 95% CI

Any radiation
No 0.0 13 10.8 136 29.3 1.0 Referent
Yes 13.4 107 89.2 328 70.7 2.7 1.4 to 5.4

Dose category, Gy‡
0 0.0 13 12.2 127 32.7 1.0 Referent
� 0-0.13 0.1 6 5.6 49 12.6 1.4 0.5 to 4.4
0.14-1.29 0.5 7 6.5 48 12.3 1.9 0.7 to 5.4
1.30-11.39 4.5 11 10.3 55 14.1 1.9 0.7 to 5.0
11.40-29.99 22.0 34 31.8 56 14.4 7.1 2.9 to 17
30.00-60.00 39.1 36 33.6 54 13.9 10.8 3.8 to 31

Total No. of patients with any dose 107 100.0 389 100.0 P � .0001§

Abbreviation: OR, odds ratio.
�Mean dose among controls.
†Adjusted for type of first cancer (ie, Hodgkin’s lymphoma, bone or soft tissue sarcoma, other).
‡Women with unknown dose were excluded. Analyses by radiation doses were based on 107 patients and 389 controls. Dose categories correspond to quintiles

among irradiated controls. Percentages by dose category were based on women with known doses to the breast.
§Test for trend.
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2). The slopes were 0.36 per Gy for those who received ovarian
doses less than 5 Gy and 0.06 per Gy for those who received higher
doses. These findings were little changed with adjustment for nul-
liparity or use of hormone replacement therapy. The mean age at
menopause for postmenopausal women with ovarian doses � 5 Gy
was 22 years. The slope of the radiation dose-response curve did

not vary significantly by age at diagnosis of the initial cancer (Table
3). The association with age at exposure remained nonsignificant
when analysis was restricted to women with ovarian doses less than
5 Gy. Likelihood ratio tests for modification of the slope by year of
initial cancer, time since initial cancer, and attained age also were
not significant (Table 3).

Od
ds

 R
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Dose to Breast (Gy)

10 20 30 40 50

10

0

20

30

40

Fig 1. Breast cancer risk by radiation dose to the breast.

Table 3. EOR for Breast Cancer per Gy of Radiation Dose to Site of Breast Tumor by Selected Demographic and Clinical Characteristics

Characteristic No. of Patients No. of Controls

Analysis

P �EOR/Gy 95% CI

Overall 107 389 0.27 0.10 to 0.67 � .0001
Age at initial cancer, years .43

� 13 15 74 0.29 0.06 to 1.09
13-15 37 125 0.44 0.14 to 1.36
16-20 55 190 0.21 0.06 to 0.62

Type of initial cancer†
HL 67 145 Model fit failed‡ Unknown
All others 40 244 0.21 0.09 to 0.51

Year of initial cancer
1970-1974 53 175 0.33 0.12 to 0.90 .57
1975-1979 41 156 0.24 0.08 to 0.66
1980-1986 13 86 0.19 �0.07 to 0.64

Years since first cancer .25
5.00-4.9 24 85 0.39 0.09 to 1.77
15.0-19.9 32 115 0.35 �0.13 to 1.71§
20.0-24.9 31 115 0.26 0.06 to 1.01
25.0-32.0 20 74 0.13 �0.09 to 0.70§

Attained age, years .17
18-34 46 184 0.33 0.11 to 0.92
35-39 41 134 0.56 0.15 to 1.93
40-44 14 52 0.02 �0.06 to 0.09�
45-50 6 19 0.70 �1.56 to 2.95�

Radiation dose to ovaries, Gy .002
� 5 99 342 0.36 0.14 to 0.93
� 5 8 47 0.06 �0.06 to 0.27§

Abbreviations: EOR, excess odds ratio; HL, Hodgkin’s lymphoma.
�Test for trend or heterogeneity.
†Includes supplemental controls.
‡Parameter estimates did not converge.
§Wald-type lower confidence bound. Likelihood-based bound was not obtained.
�Wald-type CI.
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Fig 2. Fitted breast cancer risk by radiation dose to the breast and ovary.
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Table 4. Breast Cancer Risk in Relation to Chemotherapy for Childhood Cancer

Chemotherapy No. of Patients No. of Controls

Analysis

OR 95% CI P

Any
No 40 126 1.00
Yes 66 259 0.90 0.53 to 1.54 .70

Any alkylating agent
No 53 185 1.00
Yes 53 200 0.93 0.56 to 1.55 .79

Alkylating agent score�

0 53 163 1.00
1 12 63 0.67 0.30 to 1.51 .17
2 12 36 1.40 0.58 to 3.39 .33
3 17 37 1.15 0.55 to 2.41 .67

Mechlorethamine, mg/m2

No 92 343 1.00
Yes 14 42 0.81 0.37 to 1.76 .60

� 0-44 5 12 0.71 0.20 to 2.53 .87
� 44-63.7 3 13 0.41 0.09 to 1.75 .41
� 63.7 3 9 0.61 0.10 to 3.59 .93

Procarbazine, mg/m2

No 77 305 1.00
Yes 29 80 0.70 0.37 to 1.35 .29

� 0-4,178.6 9 20 0.69 0.26 to 1.86 .67
� 4,178.6-� 7,000 8 26 0.69 0.23 to 2.02 .68
� 7,000 7 12 0.92 0.28 to 3.09 .77

BCNU
No 100 370 1.00
Yes 6 15 3.71 1.12 to 12.30 .03

CCNU
No 100 375 1.00
Yes 6 10 1.73 0.55 to 5.44 .35

Cyclophosphamide
No 67 238 1.00
Yes 39 147 1.37 0.79 to 2.38 .26

Dacarbazine
No 100 379 1.00
Yes 6 6 3.49 0.96 to 12.68 .06

Dactinomycin
No 87 332 1.00
Yes 19 53 2.40 0.96 to 5.96 .06

Bleomycin
No 95 362 1.00
Yes 11 23 1.82 0.77 to 4.28 .17

Any anthracycline
No 76 263 1.00
Yes 30 122 1.86 0.99 to 3.48 .05

Daunorubicin
No 104 363 1.00
Yes 2 22 0.84 0.17 to 4.22 .84

Doxorubicin, mg/m2

No 78 279 1.00
Yes 28 106 1.87 0.98 to 3.55 .06

� 0-198.8 7 19 2.09 0.71 to 6.14 .46
� 198.8-� 350.8 8 18 1.93 0.64 to 5.87 .55
� 350.8 7 53 1.28 0.44 to 3.73 .70

NOTE. OR estimates were adjusted for radiation dose to breast and ovary and for type of first cancer (ie, Hodgkin’s lymphoma, sarcoma, other). Analyses for
mechlorethamine and procarbazine dose categories were also adjusted for cumulative dose of doxorubicin, whereas the odds ratios for no/yes were adjusted for
doxorubicin (no/yes). Data in table are for never/ever (no/yes) and by tertiles of dose for selected drugs. Doses were unknown for some patients known to have
received a drug.

Abbreviations: OR, odds ratio; BCNU, bischloroethylnitrosourea (carmustine); CCMU, cyclohexylchloroethylnitrosourea (lomustine).
�Calculated according to the method described by Tucker et al.19 Dose scores were assigned to individual alkylating agents on the basis of the distributions of doses

(mg/m2) to each agent, and these scores then were summed across agents.
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Overall, chemotherapy for the initial cancer was not associated
significantly with breast cancer risk when analyses were adjusted for
radiation dose to the breast and ovary (Tables 3 and 4). Alkylating
agents as a group also were not associated significantly with risk.
Carmustine was significantly associated with breast cancer on the basis
of a small number of exposed patients. Nonsignificantly reduced ORs
were seen for mechlorethamine and procarbazine. The positive asso-
ciations with dactinomycin and dacarbazine approached statistical
significance. There also was a borderline-significant positive associa-
tion for anthracyclines as a group, attributable mostly to doxorubicin.
None of the listed agents showed significant associations with dose.

When analysis was not adjusted for radiation dose to the breast,
the highest risks were seen among women who had an initial HL or
Wilms tumor (data not shown). However, when analysis was adjusted
for radiation dose and age at irradiation, differences by type of first
cancer were no longer statistically significant.

DISCUSSION

To our knowledge, this is the largest study to date of breast cancer
after childhood cancer that includes detailed treatment informa-
tion and radiation dosimetry. We observed a highly significant, linear
relation between radiation dose and breast cancer risk. Women who
received local breast doses of 40 Gy were at an overall 11-fold risk
relative to nonirradiated patients. However, the slope of the dose-
response curve was modified by dose to the ovaries. Among women
whose treatment for the initial cancer delivered a sterilizing dose to the
ovaries of greater than 5 Gy, the slope of the dose-response curve was
reduced. A breast dose of 40 Gy was associated with only a 3.4-fold risk
of breast cancer. We did not observe significant associations between
breast cancer risk and prior treatment with alkylating agents, but there
was some indication of a positive association for anthracyclines (ie, for
doxorubicin). Risk was highest among those whose first cancer was
HL; however, after analysis was adjusted for radiation dose and age at
exposure, type of first cancer was not significantly associated with
breast cancer risk. We did not detect a significant effect of age at
exposure on radiation-related risk, perhaps in part because of the
limited range in age at diagnosis of patients with HL, the lower doses to
the breast for first cancers diagnosed at younger ages, and the younger
ages at the end of follow-up. The relative risk of breast cancer also was
not significantly associated with attained age. A constant relative risk
would imply an increasing excess absolute risk with age.

Our findings concerning effects of breast and ovarian irradiation
resemble those reported by Travis et al9 for breast cancer after irradi-
ation for HL between the ages of 13 and 30 years (median, 22 years).
Unlike those investigators, we did not observe a significant inverse
association with alkylating agents, even though some of the same
agents were involved. However, the point estimates we observed for
any use of procarbazine or mechlorethamine each were between 0.7
and 0.8, and lower 95% CI bounds were less than 0.40, which indicates
that the results of the two studies are not statistically inconsistent.
Furthermore, Travis et al9 noted that the apparent protective effect of
alkylating agents became stronger with increasing numbers of cycles of
chemotherapy and was most pronounced in the small group of pa-
tients who received nine or more cycles. As with pelvic irradiation, a
protective effect of selected alkylating agents is thought to be related to
ablation of ovarian function and the resulting suppression of hor-

monal stimulation of breast tissue. Ovaries in adolescent girls have a
greater reserve of eggs and follicles relative to older women and are less
likely to experience loss of function for a given dose of alkylating agents
or radiation.20 In a previous study of CCSS survivors, the risk of
therapy-induced acute ovarian failure increased with age at expo-
sure.21 Previous studies of second primary breast cancer after irradia-
tion for HL in young women have reported EORs per Gy of 0.065 and
0.159; these are somewhat lower than what was seen in this study for
irradiation at younger ages.

Our results pertain to second breast cancer risks for persons
diagnosed with childhood cancer between 1970 and 1986, but treat-
ments have changed over time. Most notable from the standpoint of
second primary breast cancer are the reductions in radiation dose and
field size for the treatment of children with HL.22,23 To the extent that
our findings suggest a linear dose-response relation, with no evidence
of a downturn in risk at the highest doses, one might predict that
newer treatments for HL would be associated with reduced risk for
breast cancer. There has been a general reduction in the use of radia-
tion therapy for other childhood cancers as well, including for non-
Hodgkin’s lymphoma, acute lymphoblastic leukemia, and central
nervous system cancers.22

Strengths of this study include its large number of breast cancer
patients relative to previous studies of childhood cancer survivors and
the inclusion of detailed radiation dosimetry. Limitations include
uncertainty about the precise anatomic location of the breast cancer
and of the tumor progenitor cell at the time of irradiation for child-
hood cancer. We attempted to take stage of breast development at the
time of exposure into account, but we did not have complete informa-
tion about this. There were small numbers of patients who received
radiation in the low to intermediate dose range, which compromised
our ability to describe the shape of the dose-response curve over this
interval. The strong correlations among type of first cancer, age at first
cancer, and radiation dose to the breast limited our ability to evaluate
variation in radiation sensitivity before and after menarche.

These results largely support those from a recent study of breast
cancer risk in relation to treatment of HL in young women and
adolescents.9 The risk of breast cancer after treatment for a first cancer
at a young age appears to be a balance between direct, dose-dependent
effects of irradiation of the breast and opposing effects of high-dose
ovarian irradiation or repeated systemic chemotherapy with alkylat-
ing agents. These data point to an important role of hormonal stimu-
lation on radiation-related breast cancer. The cohort is still relatively
young, and the largest part of the radiation-related absolute excess
occurrence of breast cancer may yet be seen.
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